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In the recent studies of the unconventional physics in cuprate superconductors, one of the central
issues is the interplay between charge order and superconductivity. Here the mechanism of the
charge-order formation in the electron-doped cuprate superconductors is investigated based on the
t-J model. The experimentally observed momentum dependence of the electron quasiparticle scat-
tering rate is qualitatively reproduced, where the scattering rate is highly anisotropic in momentum
space, and is intriguingly related to the charge-order gap. Although the scattering strength appears
to be weakest at the hot spots, the scattering in the antinodal region is stronger than that in the
nodal region, which leads to the original electron Fermi surface is broken up into the Fermi pockets
and their coexistence with the Fermi arcs located around the nodal region. In particular, this elec-
tron Fermi surface instability drives the charge-order correlation, with the charge-order wave vector
that matches well with the wave vector connecting the hot spots, as the charge-order correlation
in the hole-doped counterparts. However, in a striking contrast to the hole-doped case, the charge-
order wave vector in the electron-doped side increases in magnitude with the electron doping. The
theory also shows the existence of a quantitative link between the single-electron fermiology and the
collective response of the electron density.
PACS numbers: 74.25.Jb, 74.72.Ek, 71.45.Lr
I. INTRODUCTION
The parent copper oxide compounds are half-filled
Mott insulators, and then superconductivity emerges
when holes or electrons are doped into these parent
Mott insulators1,2. This Mott insulating-state appears
to be due to the strong electron correlation3,4, leading
to that the multiple orders compete with superconduc-
tivity. In particular, the experimental data detected
from various techniques5–19 including scanning tunneling
microscopy (STM), resonant X-ray scattering measure-
ment (RXS), angle-resolved photoemission spectroscopy
(ARPES), and other methods have demonstrated that
the doping dependence of the charge-order correlation
is a generic electronic property of the copper-oxide lay-
ers which is ubiquitous to all cuprate superconductors
including both the hole- and electron-doped cuprate su-
perconductors. In this case, the microscopic origin of the
charge-order formation has been hotly debated and be-
lieved to be key to the understanding of the problem of
why cuprate superconductors have a high superconduct-
ing transition temperature.
The charge-order correlation is manifested itself by a
periodic self-organization of the charge degrees of free-
dom in the system5. In the hole-doped cuprate super-
conductors, the combined STM, RXS measurement, and
ARPES data showed that the charge-order correlation
emergences consistently in surface and bulk, and in mo-
mentum and real space5–13. In particular, this charge-
order correlation is strongly doping dependent with the
charge-order wave vector that smoothly decreases upon
the increase of the hole doping5,6. Moreover, the elec-
tron Fermi surface (EFS) measurements in the ARPES
experiments revealed a close connection between the ob-
served charge-order wave vector and the momentum vec-
tor connecting the tips of the Fermi arcs5,6,10, which in
this case coincide with the hot spots on EFS, indicat-
ing that the hot spots on EFS play an important role
in the formation of the charge-order correlation. This
correspondence also shows the existence of a quantita-
tive link between the collective response of the electron
density and the single-electron fermiology5,6,10. On the
electron-doped side, the magnetoresistance quantum os-
cillation measurements20–23 and ARPES experimental
observations24 indicated the presence of a coexistence of
the Fermi arcs and Fermi pockets around the nodal re-
gion. In particular, the very recent observations showed
that the charge-order correlation with the wave vector
that is consistent with the separation between straight
segments of EFS occurs with similar periodicity, and
along the same direction14–19, as the charge-order cor-
relation in the hole-doped case5–13. Furthermore, the
charge-order wave vector QCD is reported to connect
two hot spots14–19, and hence the electron quasiparti-
cles are scattered between two hot spot regions con-
nected by the charge-order wave vector and the same
electron quasiparticle scattering causes the charge order-
ing instability. However, in a clear contrast to the hole-
doped counterparts5,6, the charge-order wave vector in
the electron-doped side smoothly increases as a function
of the electron doping15. These experimental results ob-
served on both the hole- and electron-doped cuprate su-
perconductors therefore raises questions5–19: (a) is there
a common physical origin for the charge-order correlation
in both the hole- and electron-doped cuprate supercon-
ductors? and (b) why there is a different doping depen-
dence of the charge-order wave vector between the hole-
and electron-doped cuprate superconductors?
Notably, the mechanism of the charge-order formation
in the hole-doped cuprate superconductors has been re-
cently taken forefront of the theoretical studies, where
there is a general consensus that the charge-order cor-
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2relation is driven by the EFS instability. Several at-
tempts have been made to make these arguments more
precise25–30. In our recent studies30, the physical origin
of the charge-order correlation in the hole-doped cuprate
superconductors has been discussed based on the t-J
model in the charge-spin separation fermion-spin repre-
sentation, where we have shown that the charge-order
state is driven by the EFS instability, with a character-
istic wave vector corresponding to the hot spots on EFS.
In particular, we have also shown that the charge-order
wave vector smoothly decreases with the increases of the
hole doping, in qualitative agreement with the experi-
mental result5,6. However, a comprehensive discussion of
the electron-doped counterparts has not been given. In
this paper, we try to study the mechanism of the charge-
order formation in the electron-doped cuprate supercon-
ductors along with this line. We evaluate the electron
self-energy in terms of the full charge-spin recombination
and then employ it to calculate the electron spectral func-
tion and dynamical charge structure factor. In particular,
we qualitatively reproduce the experimentally observed
electron quasiparticle scattering rate along EFS16, where
the electron quasiparticle scattering is highly anisotropic
in momentum space, and opens a charge-order gap in the
electron’s band structure. The weakest scattering occurs
exactly at the hot spots, however, the stronger scatter-
ing is found in the antinodal region than in the nodal
region. This special structure of the electron quasipar-
ticle scattering rate (then the charge-order gap) on EFS
therefore leads to that only part of EFS survives as the
disconnected segments around the nodal region, and then
the tips of these disconnected segments assemble on the
hot spots to form the Fermi pockets, generating a coexis-
tence of the Fermi arcs and Fermi pockets. Moreover, this
EFS instability drives the charge-order correlation, with
the charge-order wave vector that matches well with the
wave vector connecting the hot spots on EFS, in a strik-
ing similarity with the charge-order wave vector in the
hole-doped counterparts, indicating a common physical
origin for the charge-order correlation in both the hole-
and electron-doped cuprate superconductors. However,
in a clear contrast to the hole-doped case, the charge-
order wave vector in the electron-doped cuprate super-
conductors smoothly increases with the increase of the
electron doping.
The rest of this paper is organized as follows. The basic
formalism is presented in Sec. II, where we generalize the
calculation of the single-electron Green’s function and the
related electron spectrum function in the hole-doped case
in Ref.30 to the present case in the electron-doped side.
Based on this electron spectral function, the doping de-
pendence of the charge-order correlation in the electron-
doped cuprate superconductors is discussed in Sec. III,
where we evaluate the dynamical charge structure fac-
tor in terms of the electron spectral function, and then
show that an resonance peak appears with the charac-
teristic wave vector that is well consistent with the wave
vector connected by the hot spots. Moreover, the sup-
pression of the peak by tuning the energy away from the
resonance confirms the presence of the charge-order cor-
relation in the electron-doped cuprate superconductors.
Our results therefore also shows the existence of a quanti-
tative link between the electron quasiparticle excitations
determined by the electronic structure and the charge-
order correlation determined by the collective response
of the electron density. Finally, we give a summary and
discussions in Sec. IV.
II. FORMALISM
To elucidate the strong electron correlation and the re-
sulting charge ordering instability in the electron-doped
cuprate superconductors, the exact knowledge of EFS
and its evolution with the electron doping is of crucial
importance. EFS is determined by the poles of the single-
electron Green’s function,
G(k, ω) =
1
ω − εk − Σ1(k, ω) , (1)
where εk gives the dispersion of the bare electron excita-
tion spectrum, while Σ1(k, ω) is the electron self-energy,
which alone captures the essential physics of the strong
electron correlation, and therefore dominates the detailed
properties of the electronic state19,31,32. The electron
spectral function is directly related to the imaginary part
of the single-electron Green’s function (1), and can be ex-
pressed explicitly as,
A(k, ω) = −2ImG(k, ω)
=
2|ImΣ1(k, ω)|
[ω − εk − ReΣ1(k, ω)]2 + [ImΣ1(k, ω)]2 , (2)
then the electron spectrum and the related elec-
tronic state properties can be measured in ARPES
experiments19,31,32, where ImΣ1(k, ω) and ReΣ1(k, ω)
are, respectively, the corresponding imaginary and real
parts of the electron self-energy Σ1(k, ω). In particular,
this imaginary part ImΣ1(k, ω) is also identified as the
electron quasiparticle dynamical scattering rate Γ(k, ω),
Γ(k, ω) = ImΣ1(k, ω). (3)
It is widely accepted by now the simplest model which
contains in itself the interacting spin and charge degrees
of freedom is so-called t-J model on a square-lattice3,4,
H =
∑
〈laˆ〉σ
tlaˆC
†
lσCl+aˆσ + µ
∑
lσ
C†lσClσ + J
∑
〈lηˆ〉
Sl · Sl+ηˆ, (4)
where we consider the case with the hopping integrals
that are tlaˆ = t for the nearest-neighbor (NN) sites aˆ = ηˆ,
tlaˆ = −t′ for the next NN sites aˆ = τˆ , and tlaˆ = 0
otherwise, with t < 0 and t′ < 0 in the electron-doped
side, C†lσ and Clσ are the electron operators that respec-
tively create and annihilate electrons with spin σ on the
3site l, Sl is a local spin operator, and µ is the chemi-
cal potential, while 〈laˆ〉 means that l runs over all sites,
and for each l, over its NN sites aˆ = ηˆ or the next NN
sites aˆ = τˆ . Although the values of the parameters J ,
t, and t′ are believed to vary somewhat from compound
to compound19,33, however, as a qualitative discussion in
this paper, the parameters are chosen as19,33 t/J = −2.5
and t′/t = 0.4. In the electron-doped side, this t-J model
(4) is imposed a on-site local constraint
∑
σ C
†
lσClσ ≥ 1
in order to ensure no-zero electron occupancy of any lat-
tice site. Since the strong electron correlation in the t-J
model (4) manifests itself by this no-zero electron occu-
pancy local constraint, and therefore it is crucially im-
portant to treat this local constraint properly. Apart
from the numerical approaches34, a popular analytical
strategy to enforce the electron local constraint is the ap-
proach based on the charge-spin separation35–40. In par-
ticular, a charge-spin separation fermion-spin approach
has been developed for a proper treatment of no-double
electron occupancy local constraint in the hole-doped
case39,40. To apply this fermion-spin approach to the
electron-doped side, we can work in the hole representa-
tion via a particle-hole transformation Clσ → f†l−σ, and
then the t-J model (4) can be rewritten in the hole rep-
resentation as,
H = −
∑
〈laˆ〉σ
tlaˆf
†
l+aˆσflσ − µ
∑
lσ
f†lσflσ + J
∑
〈lηˆ〉
Sl · Sl+ηˆ, (5)
where f†lσ (flσ) is the hole creation (annihilation) opera-
tor, and then the local constraint of no-zero electron oc-
cupancy
∑
σ C
†
lσClσ ≥ 1 in the electron representation is
therefore transferred as the local constraint of no-double
occupancy
∑
σ f
†
lσflσ ≤ 1 in the hole representation.
This local constraint of no-double occupancy now can
be dealt properly within the framework of the fermion-
spin theory39,40, fl↑ = a
†
l↑S
−
l and fl↓ = a
†
l↓S
+
l , where
the spinful fermion operator alσ = e
−iΦlσal carries the
charge of the constrained hole together with some effects
of spin configuration rearrangements due to the presence
of the doped electron itself (charge carrier), while the
spin operator Sl represents the spin degree of freedom of
the constrained hole, and then the local constraint of no-
double occupancy is satisfied in the actual calculations.
In this fermion-spin approach, the scattering from spins
due to the charge-carrier fluctuations dominates the spin
response, while the charge-spin recombination of a charge
carrier and a localized spin automatically gives the elec-
tron quasiparticle character.
In the framework of the charge-spin separation
fermion-spin theory, the single-hole Green’s function
Gf(k, ω) of the t-J model (5) in the hole representation
on the other hand can be obtained in terms of the charge-
spin recombination. Recently, we41 have developed a full
charge-spin recombination scheme to fully recombine a
charge carrier and a localized spin into a constrained elec-
tron, where the obtained electron propagator can give a
consistent description of EFS in the hole-doped cuprate
superconductors30. However, a question is how we can
obtain explicitly the single-electron Green’s function (1)
based on the t-J model (4). In the following discussions,
we give only the main details in the calculations of the
single-electron Green’s function of the t-J model. Follow-
ing the previous discussions30,41, the single-hole Green’s
function of the t-J model (5) can be obtained in terms
of the full charge-spin recombination scheme as,
Gf(k, ω) =
1
ω − ε(f)k − Σ(f)1 (k, ω)
, (6)
where ε
(f)
k = −Ztγk+Zt′γ′k+µ is the bare hole excitation
spectrum, with γk = (coskx+cosky)/2, γ
′
k = coskxcosky,
and the number of the NN or next NN sites on a square
lattice Z, while the hole self-energy Σ
(f)
1 (k, ω) due to the
interaction between holes by the exchange of spin exci-
tations can be evaluated explicitly in terms of the spin
bubble as30,41,
Σ
(f)
1 (k, ω) =
1
N2
∑
pp′ν=1,2
(−1)ν+1Ω(f)pp′k
(
F
(ν)
1fpp′k
ω + ωνpp′ − ε¯(f)p+k
+
F
(ν)
2fpp′k
ω − ωνpp′ − ε¯(f)p+k
)
, (7)
where Ω
(f)
pp′k = Z
(f)
F Λ
2
p+p′+kBp′Bp+p′/(4ωp′ωp+p′),
Λk = Ztγk − Zt′γ′k, ωνpp′ = ωp+p′ − (−1)νωp′ ,
ε¯
(f)
k = Z
(f)
F ε
(f)
k , the single-particle coherent weight
Z
(f)−1
F = 1 − Σ(f)1o (k, ω = 0)|k=[pi,0], with Σ(f)1o (k, ω) that
is the antisymmetric part of Σ
(f)
1 (k, ω), the functions
F
(ν)
1fpp′k = nF(ε¯
(f)
p+k)n
(ν)
1Bpp′ + n
(ν)
2Bpp′ , F
(ν)
2fpp′k = [1 −
nF(ε¯
(f)
p+k)]n
(ν)
1Bpp′ +n
(ν)
2Bpp′ , with n
(ν)
1Bpp′ = 1+nB(ωp′+p)+
nB[(−1)ν+1ωp′ ], n(ν)2Bpp′ = nB(ωp′+p)nB[(−1)ν+1ωp′ ],
and nB(ω) and nF(ω) that are the boson and fermion dis-
tribution functions, respectively. The expression form of
the mean-field spin excitation spectrum ωk, and function
Bk have been given explicitly in Ref. 42, while the single-
particle coherent weight Z
(f)
F together with the chemical
potential can be determined self-consistently.
We now turn to evaluate the single-electron Green’s
function G(k, ω) in Eq. (1) based on the t-J model (4),
which is directly related to the single-hole Green’s func-
tion Gf(k, ω) in Eq. (6) in terms of the particle-hole
transformation as G(l− l′, t− t′) = 〈〈Clσ(t);C†l′σ(t′)〉〉 =
〈〈f†lσ(t); fl′σ(t′)〉〉 = −Gf(l′−l, t′−t). With the help of the
above single-hole Green’s function (6), the single-electron
Green’s function (1) of the t-J model (4) is therefore
obtained as G(k, ω) = −Gf(k,−ω), with the bare elec-
tron excitation spectrum and electron self-energy that
are obtained as εk = −ε(f)k and Σ1(k, ω) = −Σ(f)1 (k,−ω),
respectively. In this case, the electron quasiparticle dy-
namical scattering rate Γ(k, ω) in Eq. (3) arises from
the electron self-energy due to the interaction between
electrons by the exchange of spin excitations.
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FIG. 1: (Color online) (a) The map of the electron spectral intensity A(k, 0) and (b) the electron spectral function A(k, 0) in
the [kx, ky] plane at δ = 0.15 with T = 0.002J for t/J = −2.5 and t′/t = 0.4.
III. DOPING DEPENDENCE OF CHARGE
ORDER
In this section, we discuss the doping dependence of the
charge-order correlation, and show that the strong elec-
tron correlation in the electron-doped cuprate supercon-
ductors induces an EFS instability, which then drives the
charge-order correlation. In particular, we also show that
there is indeed a quantitative link between the electron
quasiparticle excitations determined by the low-energy
electronic structure and the charge-order correlation de-
termined by the collective response of the electron den-
sity.
A. Electron Fermi surface reconstruction
The charge-order correlation is defined as an elec-
tronic phase breaking translational symmetry via a self-
organization of the electrons into periodic structures
incompatible with the periodicity of the underlying
lattice5, such an aspect should be reflected in the elec-
tronic structure. In Fig. 1, we plot (a) the map of
the electron spectral intensity A(k, 0) in Eq. (2) and
(b) the electron spectral function A(k, 0) in the [kx, ky]
plane at the electron doping δ = 0.15 with temperature
T = 0.002J for parameters t/J = −2.5 and t′/t = 0.4.
The hot spots on EFS are marked by the black circles in
Fig. 1b, where the spectral intensity exhibits a largest
value. Our main results in Fig. 1 are summarized as: (A)
the single continuous contour in momentum space with
a uniform distribution of the low-energy spectral weight
of the electron quasiparticle excitations in the case of
the absence of the strong electron correlation has been
split by the electron self-energy Σ1(k, 0) [then the strong
electron correlation] into two contours kF and kBS, re-
spectively. In particular, this low-energy spectral weight
redistribution leads to an EFS reconstruction; (B) the
electron spectral intensity at the contours kF and kBS are
suppressed by the electron self-energy, however, this sup-
pression is highly anisotropic, where the electron spec-
tral intensity around the antinodal region is suppressed
heavily, while the electron self-energy has a more mod-
est effect on the electron spectral intensity around the
nodal region, which leads to that the low-energy electron
quasiparticles mainly reside at the disconnected segments
around the nodal region; (C) however, the tips of the dis-
connected segments on the contours kF and kBS assem-
ble on the hot spots to form a Fermi pocket, generating
a coexistence of the Fermi arcs and Fermi pockets, with
the disconnected segment around the nodal region at the
contour kF that is so-called the Fermi arc, and is also
defined as the front side of the Fermi pocket, while the
other at the contour kBS around the nodal region is as-
sociated with the back side of the Fermi pocket. These
results are similar to these observed in the hole-doped
case43–47, and also are in qualitative agreement with
the experimental data obtained by means of the mag-
netoresistance quantum oscillation20–23 and ARPES ex-
perimental measurements24, where the well defined Fermi
pockets and their coexistence with the Fermi arcs are ob-
served around the nodal region. In particular, it should
be noted that the very recent ARPES observations show
that the EFS reconstruction and related low-energy elec-
tron structure in the electron-doped cuprate supercon-
ductors is closely related with the annealing effect16,48,
5and then the annealing and oxygen vacancy induce a
sufficient change in the charge carrier density. More-
over, upon the proper annealing, the EFS reconstruc-
tion and related low-energy electron structure are very
similar to these observed in the hole-doped counterparts,
providing the experimental evidences of the absence of
the disparity between the phase diagram of the hole- and
electron-doped cuprate superconductors. The present re-
sults are also consistent with these recently experimental
data16,48.
B. Charge-order correlation driven by electron
Fermi surface instability
The results in Fig. 1 also show that the partial spectral
weight at the Fermi arc has been pushed to the back side
of the Fermi pocket due to the spectral weight redistri-
bution in the presence of the strong electron correlation,
which leads to that although both the Fermi arc and back
side of the Fermi pocket possess finite spectral weight,
the electron quasiparticle peaks are anomalously broad
at both the Fermi arc and back side of the Fermi pocket,
while the very sharp electron quasiparticle peaks appear
at the hot spots, where the most of the electron quasipar-
ticles are accommodated. This is why the electron quasi-
particle excitations around the hot spots contribute effec-
tively to the electron quasiparticle scattering process16.
In particular, the electron quasiparticle scattering wave
vector between the hot spots on the straight Fermi arcs
in Fig. 1a at the electron doping δ ∼ 0.15 is found to be
QHS ∼ 0.28 (hereafter we use the reciprocal units), which
is well consistent with experimental average value14–18 of
the charge-order wave vector QCD ∼ 0.27 oberved in the
electron-doped cuprate superconductors around the elec-
tron doping δ ∼ 0.15, indicating that the charge-order
correlation in the electron-doped cuprate superconduc-
tors is driven by the EFS instability. In particular, this
behavior resembles the observations for the hole-doped
case5,6,10,30, and therefore there is a common physical
origin for the charge-order correlation in both the hole-
and electron-doped cuprate superconductors.
As a natural consequence of the doped Mott insula-
tors, this charge-order correlation is also doping depen-
dent. In Fig. 2, we plot the map of the electron spectral
intensity A(k, 0) at the electron doping δ = 0.09 with
T = 0.002J for t/J = −2.5 and t′/t = 0.4. Comparing
it with Fig. 1a for the same set of parameters except for
the electron doping δ = 0.09, we therefore find that with
the decrease of the electron doping, the hot spots move
away from the nodal points, in a clear contrast to the
hole-doped case, where the hot spots move towards to
the nodal points when the hole doping is decreased6,30.
This unusually doping dependent hot-spot positions in
the electron-doped side therefore leads to that the charge-
order wave vector increases as a function of the electron
doping. To see this point more clearly, we have made
a series of calculations for the electron spectral function
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FIG. 2: (Color online) The map of the electron spectral in-
tensity A(k, 0) at δ = 0.09 with T = 0.002J for t/J = −2.5
and t′/t = 0.4.
A(k, 0) at different electron doping concentrations, and
the result for the extracted wave vector QHS as a function
of the electron doping with T = 0.002J for t/J = −2.5
and t′/t = 0.4 is plotted in Fig. 3 in comparison with the
corresponding experimental data15 of the charge-order
wave vector QCO observed on the electron-doped cuprate
superconductors, where QHS increases linearly with the
electron doping, also in qualitative agreement with the
experimental data15.
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FIG. 3: (Color online) The charge-order wave vector as a
function of doping for t/J = −2.5 and t′/t = 0.4 with T =
0.002J . Inset: the corresponding experimental data of the
electron-doped cuprate superconductors taken from Ref. 15.
In the case of the absence of the strong electron corre-
lation, the overall shape of EFS obtained from the map
of the electron spectral function at zero energy is a con-
tinuous contour centered at [pi, pi] of the Brillouin zone,
6where the electron quasiparticle excitation spectrum is
gapless, and then the electron quasiparticle lifetime on
EFS is infinitely long. However, when the strong elec-
tron correlation is contained by the electron self-energy
Σ1(k, ω), the electron quasiparticle energies are heavily
renormalized by ReΣ1(k, ω) and they acquire a finite life-
time τ(k, ω) = Γ−1(k, ω). In this case, the essential
physics of the EFS reconstruction and the related EFS
instability driven charge order are naturally associated
with the strong electron correlation. This states a fact
that the locations of the continuous contours in momen-
tum space are determined directly by the poles of the
electron Green’s function (1) at zero energy, while the
intensity of the low-energy electron excitation spectrum
at the continuous contours is inversely proportional to
the electron quasiparticle scattering rate Γ(k, ω). How-
ever, as we have shown in the previous discussions for the
hole-doped case30,47, the electron self-energy Σ1(k, ω) in
Eq. (7) can be also rewritten as,
Σ1(k, ω) ≈ [∆¯CD(k)]
2
ω + ε0k
, (8)
where the corresponding energy spectrum ε0k and
the momentum dependence of the charge-order gap
∆¯CD(k) can be obtained directly from the electron
self-energy Σ1(k, ω) in Eq. (7) and its antisymmet-
ric part Σ1o(k, ω) as ε0k = −Σ1(k, 0)/Σ1o(k, 0) and
∆¯CD(k) = Σ1(k, 0)/
√−Σ1o(k, 0), respectively. In par-
ticular, in analogy to the pseudogap effect in the hole-
doped case30,47, this charge-order gap ∆¯CD(k) in the
electron-doped side can be also identified as being a re-
gion of the electron self-energy effect in which the charge-
order gap ∆¯CD(k) suppresses the electron spectral inten-
sity. Moreover, the dynamical electron quasiparticle scat-
tering rate Γ(k, ω) can be expressed explicitly in terms
of the charge-order gap ∆¯CD(k) as,
Γ(k, ω) = ImΣ1(k, ω) ≈ 2pi[∆¯CD(k)]2δ(ω + ε0k), (9)
which therefore can be obtained from the width
of the electron quasiparticle peaks in the ARPES
experiments16, and is intimately related to the charge-
order gap ∆¯CD(k) in the electron-doped cuprate super-
conductors. On the other hand, Eq. (9) also shows that
the product of the charge-order gap [∆¯CD(k)]
2 and the
delta function δ(ω + ε0k) has the same momentum de-
pendence and plays the same role in the suppression of
the electron spectral weight as that of the electron quasi-
particle scattering rate Γ(k, ω). According to the elec-
tron self-energy Σ1(k, ω) in Eq. (8), the single-electron
Green’s function in Eq. (1) can be rewritten as,
G(k, ω) ≈ W
+
k
ω − E+k − iΓ(k, ω)
+
W−k
ω − E−k − iΓ(k, ω)
, (10)
where W+k = (E
+
k + ε0k)/(E
+
k − E−k ) and W−k =
−(E−k + ε0k)/(E+k − E−k ) are the coherence factors with
the constraint W+k + W
−
k = 1 for any wave vector
k (the sum rule). As a natural consequence of the
presence of the charge-order gap, the electron energy
band has been split into the antibonding band E+k =
[εk−ε0k+
√
(εk + ε0k)2 + 4∆¯2CD(k)]/2 and bonding band
E−k = [εk − ε0k −
√
(εk + ε0k)2 + 4∆¯2CD(k)]/2, respec-
tively. This band splitting induced by the charge-order
gap therefore leads to form two contours kF and kBS in
momentum space shown in Fig. 1.
From the above expression of the single-electron
Green’s function (10), now we find that in analogy to
the hole-doped case47, the first contour kF in Fig. 1a is
determined by the poles of the first term of the right-
hand side of the single-electron Green’s function (10)
at zero energy, where the electron antibonding disper-
sion E+k along kF is equal to zero, while the second
contour kBS in Fig. 1a is determined by the poles of
the second term of the right-hand side of the single-
electron Green’s function (10) at zero energy, where the
electron bonding dispersion E−k along kBS is equal to
zero. Since the electron self-energy Σ1(k, ω) originates
in the electron’s coupling to spin excitations, the charge-
order gap ∆¯CD(k) is strong dependence of momentum.
To reveal this highly anisotropic ∆¯CD(k) in momentum
space clearly, we plot (a) the map of the intensity of the
static electron quasiparticle scattering rate (or so-called
the electron quasiparticle elastic-scattering rate) Γ(k, 0)
and (b) the angular dependence of Γ(kF, 0) along EFS
from the antinode to the node at the electron doping
δ = 0.15 with T = 0.002J for t/J = −2.5 and t′/t = 0.4
in Fig. 4. For comparison, the corresponding ARPES
experimental result of the electron quasiparticle elastic-
scattering rate along EFS observed from the electron-
doped cuprate superconductor16 Pr1.3−xLa0.7CexCuO4
is also presented in Fig. 4b (inset). Moreover, we have
also calculated the angular dependence of Γ(kBS, 0) along
the back side of the Fermi pocket from the antinode
to the node, and found that its behavior is very simi-
lar to that of Γ(kF, 0). In Fig. 4, it is obvious that
the special structure of the experimentally observed elec-
tron quasiparticle elastic-scattering rate Γ(kF, 0) along
EFS16,49 is qualitatively reproduced, where Γ(kF, 0) has
a strong angular dependence with the strongest scatter-
ing appeared at the antinodes. It is interesting to note
that the strongest electron quasiparticle scattering ap-
peared at the antinodes has been also widely observed
in the hole-doped counterparts6,50–53, indicating a com-
mon electron quasiparticle scattering mechanism both in
the hole- and electron-doped cuprate superconductors.
On the other hand, the weakest electron quasiparticle
scattering does not take place at the nodes, but occurs
exactly at the hot spots kHS, where the energy spec-
tra ε0kHS ≈ −εkHS , and then E+kHS ≈ E−kHS ≈ εkHS for
the electron quasiparticle excitation spectra at the anti-
bonding and bonding bands. In particular, the hot spot
on EFS in Fig. 4 appears at 27o of the EFS angle at
the electron doping δ = 0.15, in good agreement with
the corresponding experimental result of 25o of the EFS
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FIG. 4: (Color online) (a) The map of the electron quasiparticle scattering rate and (b) the angular dependence of the electron
quasiparticle scattering rate along kF from the antinode to the node at δ = 0.15 with T = 0.002J for t/J = −2.5 and t′/t = 0.4.
The position of the hot spot in (b) is indicated by the dashed vertical line. Inset in (b): the corresponding experimental data
of Pr1.3−xLa0.7CexCuO4 taken from Ref. 16.
angle16. This highly anisotropic momentum dependence
of the electron quasiparticle elastic-scattering rates (then
the charge-order gap) on kF and kBS therefore suppresses
heavily the spectral weight of the electron quasiparticle
excitations on the contours kF and kBS in the antinodal
region, and reduces modestly the spectral weight in the
nodal region. This is also why the tips of these discon-
nected segments on kF and kBS assemble on the hot spots
to form a Fermi pocket around the nodal region, leading
to a coexistence of the Fermi arcs and Fermi pockets.
At the same time, this EFS instability therefore drives
the charge-order correlation with the charge-order wave
vector connecting the parallel hot spots on EFS, as the
charge-order correlation driven by the EFS instability in
the hole-doped counterparts25–30. In other words, the
coexistence of the Fermi arcs and Fermi pockets and the
charge-order correlation are a natural consequence of the
highly anisotropic momentum dependence of the charge-
order gap originated from the electron self-energy due
to the interaction between electrons by the exchange of
spin excitations. However, despite the common physical
origin of the EFS instability driven charge-order corre-
lation both in the hole- and electron-doped cuprate su-
perconductors, the position of the hot spots in electron-
doped side shifts to the nodes with the increase of the
electron doping, which is in a clear contrast to the hole-
doped counterparts, where the position of the hot spots
moves towards to the antinodes when the hole doping is
increased. This subtle difference therefore leads to that
the charge-order wave vector in hole-doped case decreases
with the increase of the hole doping5,6,30, while it in-
creases with the increase of the electron doping in the
electron-doped side15.
C. Quantitative link between single-electron
fermiology and collective response of electron
density
In order to see if the electron quasiparticle excitations
around the hot spots determined by the low-energy elec-
tronic structure is quantitatively linked to the charge-
order correlation, we now discuss the collective response
of the electron density. The dynamical charge structure
factor C(k, ω) can be obtained directly from the imagi-
nary part of the electron density-density correlation func-
tion as,
C(k, ω) = − 1
ω
ImΠ˜c(k, ω), (11)
where the electron density-density correlation function
Π˜c(k, ω) is defined as,
Π˜c(Rl −Rl′ , t− t′) = 〈〈Tρ(Rl, t)ρ(Rl′ , t′)〉〉, (12)
with the electron density operator,
ρ(Rl) = e
∑
σ
C†lσClσ. (13)
Substituting the electron density operator (13) into Eqs.
(12) and (11), the dynamical charge structure factor
C(k, ω) therefore can be obtained explicitly in terms of
the electron spectral function (2) as,
C(k, ω) = 2e2
1
N
∑
q
∫ ∞
−∞
dω′
2pi
A(q+ k, ω′ + ω)A(q, ω′)
× nF(ω
′ + ω)− nF(ω′)
ω
. (14)
8It should be emphasized that in the obtaining above
dynamical charge structure factor, the vertex correc-
tion has been ignored, since it has been shown that
the vertex correction is negligibly small in the cal-
culation of the density-density correlation of cuprate
superconductors54,55.
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FIG. 5: (Color online) Dynamical charge structure factor
along the k = [0, 0] to k = [pi, 0] direction of the Brillouin zone
at ω = 8.1J and δ = 0.15 with T = 0.002J for t/J = −2.5
and t′/t = 0.4. Inset: the corresponding experimental data of
Nd2−xCexCuO4 taken from Ref. 14.
To reveal the global feature of the charge-order correla-
tion, we have mapped the dynamical charge structure fac-
tor (14) in the [kx, ky] plane, and find that there are four
resonance peaks, which appear always along the parallel
directions [±QHS, 0] and [0,±QHS] of the Brillouin zone
- remarkably similar in the directions to the resonance
peak observed in the hole-doped counterparts5–12. To
show the parallel resonance peaks around the wave vec-
toe QHS clearly, the result of C(k, ω) along the k = [0, 0]
to k = [pi, 0] direction of the Brillouin zone at the en-
ergy ω = 8.1J and the electron doping δ = 0.15 with
T = 0.002J for t/J = −2.5 and t′/t = 0.4 is plotted in
Fig. 5 in comparison with the corresponding experimen-
tal data15 obtained from the electron-doped cuprate su-
perconductor Nd2−xCexCuO4 around the electron dop-
ing δ = 0.145 (inset). Obviously, an resonance peak in
Fig. 5 appears in the wave vector QCD ≈ 0.28, closely
matching the experimental value of the charge-order wave
vector QCD ∼ 0.27 found in the electron-doped cuprate
superconductors15. To confirm this resonance peak that
can be identified as the presence of charge ordering, we
plot C(QCD, ω) as a function of energy in the wave vec-
tor QCD = 0.28 at the electron doping δ = 0.15 with
T = 0.002J for t/J = −2.5 and t′/t = 0.4 in Fig. 6,
where the energy is tuned away from the resonance, the
distinct peak in the wave vector QCD = 0.28 is sup-
pressed, and then eventually disappears, also in qualita-
tive agreement with the experimental observation from
the RXS measurements14,15. This suppression of the res-
onance peak by tuning energy away from the resonance
therefore confirms the presence of the charge-order cor-
relation as the collective response of the electron density
in the electron-doped cuprate superconductors.
7 8 9
C
(k
,ω
)(
ar
b.
un
its
)
ω/J
FIG. 6: Dynamical charge structure factor as a function of
energy in the wave vector QCD = 0.28 at δ = 0.15 with T =
0.002J for t/J = −2.5 and t′/t = 0.4.
An explanation of the above obtained results for the
collective response of the electron density in the electron-
doped cuprate superconductors can be found from the
single-electron Green’s function (10) [then the charge-
order gap in Eq. (8)], which states a fact that the formal-
ism of the single-electron Green’s function (10) and the
related electron antibonding and bonding energy bands
E+k and E
−
k can be also reproduced qualitatively by a
phenomenological Hamiltonian,
HCO =
∑
kσ
εkC
†
kσCkσ
+
∑
kσ
∆¯CD(k)C
†
k+QHS/2σ
Ck−QHS/2σ. (15)
In particular, this type Hamiltonian has been usually
employed to phenomenologically discuss the relationship
between the EFS instability and the charge-order corre-
lation in cuprate superconductors26–29, where the EFS
reconstruction is due to the emergence of the charge-
order correlation, and then the original EFS is broken
up into the Fermi pockets and their coexistence with the
Fermi arcs, in qualitative agreement with the experimen-
tal data. This is why our present study based on the t-J
9model in the fermion-spin representation can give a con-
sistent description of the charge-order correlation in the
electron-doped cuprate superconductors. In other words,
our present theoretical results also show why the qualita-
tive feature of the charge-order correlation observed from
the experiments can be fitted by using a similarly phe-
nomenological Hamiltonian (15).
IV. CONCLUSIONS
In conclusion, within the framework of the t-J model in
the charge-spin separation fermion-spin representation,
we have studied the microscopic origin of the charge-
order correlation in the electron-doped cuprate supercon-
ductors. We evaluate the electron self-energy in terms of
the full charge-spin recombination, and then employ it
to calculate the electron spectral function and the dy-
namical charge structure factor. In particular, we qual-
itatively reproduce the experimentally observed electron
quasiparticle elastic-scattering rate along EFS, which is
highly anisotropic in momentum space, and is intrigu-
ingly related to the charge-order gap in the electron’s
band structure. Although the scattering strength ap-
pears to be weakest at the hot spots, the stronger scat-
tering is found in the antinodal region than in the nodal
region, which therefore leads to that EFS shrinks down
to the disconnected segments located around the nodal
region. In particular, the tips of these disconnected seg-
ments converge on the hot spots to form the Fermi pock-
ets, generating a coexistence of the Fermi arcs and Fermi
pockets. Moreover, this EFS instability drives charge or-
der, with the charge-order wave vector that matches well
with the wave vector connecting the hot spots on EFS, as
charge order in the hole-doped counterparts. However, in
a clear contrast to the hole-doped case, the charge-order
wave vector in the electron-doped side smoothly increases
with the increase of the electron doping. Our theory
also shows that there is indeed a quantitative link be-
tween the single-electron fermiology and the collective re-
sponse of the electron density. Incorporating the present
result with that obtained previously in the hole-doped
counterparts30, it is thus shown that there is a common
physical origin for the charge-order correlation both in
the hole- and electron-doped cuprate superconductors.
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